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Introduction {#sec001}
============

Reading of text requires readers to move their eyes to bring the material of interest into their foveal vision field, given that the information acquired during one fixation time is quite limited \[[@pone.0139016.ref001]\]. However, since the processing of a word starts when it is in the parafoveal vision, previous studies using different techniques investigated the processing of parafoveal words. Previous studies with eye movements technique were mostly concerned with what kind of information in the parafovea can be extracted during on-line reading. There is now considerable agreement that orthographic and phonological information can be obtained in the parafovea \[[@pone.0139016.ref002]--[@pone.0139016.ref005]\]. Furthermore, although studies using alphabetic languages have not consistently found that higher-level information, such as semantic information, could be extracted from parafovea \[[@pone.0139016.ref006]--[@pone.0139016.ref009]\], this semantic preview effect is stably reported in studies using Chinese language \[[@pone.0139016.ref010]--[@pone.0139016.ref014]\].

Recently, researchers used event-related brain potentials (ERP) techniques to study the parafoveal process in word-pair reading and sentence reading. In most word-pair studies, one word was present in participants' foveal vision and the other word was present in the parafoveal vision. Participants were asked to read the foveal word first and then make saccade to the parafoveal word. Participants' eye movements and EEG were simultaneously recorded during reading, and their eye-fixation-related potentials (EFRP) were computed to investigate the semantic processing of the parafoveal word \[[@pone.0139016.ref015]--[@pone.0139016.ref017]\]. Using this method, Baccino and Manunta \[[@pone.0139016.ref015]\] manipulated the type of word located in the right parafovea to yield three conditions: semantically related (horse-mare), semantically unrelated (horse-table) and non-word (horse-twsui). The EFRP results revealed a more positive P2 time locked to the onset of fixation on the foveal prime word (horse) in the semantically related preview condition than in the unrelated preview condition, which showed a semantic processing of the parafoveal word. However, several other studies did not observe the parafoveal semantic effects in word-pair reading \[[@pone.0139016.ref016],[@pone.0139016.ref017]\]. For example, In Dimigen's study \[[@pone.0139016.ref017]\], participants were asked to read 5 German words fluently from left to right, and the results did not reveal the parafoveal semantic effect.

In studies using ERP to investigate the parafoveal processing during sentence reading, the RSVP-flanker paradigm was mainly used \[[@pone.0139016.ref018]--[@pone.0139016.ref020]\]. In this paradigm, sentences were presented word by word at the center of the screen. Each word (n) was always flanked bilaterally 2° by the next word (n+1) on its right and by the preceding word (n-1) on its left. Thus, three words (triad) were presented in each display. To ensure the flanker words were in the readers' parafoveal vision field, readers were asked to maintain their fixation on the word in the center of the screen and avoid eye movements. By manipulating the semantic congruency of the word in the parafovea and analyzing the related ERP components that time-locked to the onset of that parafoveal word, researchers inferred whether the parafoveal semantic information could be extracted and integrated. For example, using German sentences, Barber et al. \[[@pone.0139016.ref019]\] reported that the incongruent words evoked a more negative response of the N400 component compared with congruent ones time-locked to critical triads, in which the critical word was presented as right flanker. This study indicates that the parafoveal word's semantic information can be integrated during sentence reading. Furthermore, Barber et al. \[[@pone.0139016.ref020]\] investigated how the cognitive load affects parafoveal semantic processing in sentence reading by manipulating the Stimulus Onset Asynchrony (SOA) of word presentation and contextual constraint on critical words. The results showed a parafoveal N400 congruity effect for both high-constraint sentences (≥ 0.7) and low-constraint sentences (≤ 0.4), when presentation rate was slow. However, when presentation rate was fast, the parafoveal N400 congruity effect was only found for high-constraint sentences, not for low-constraint sentences. Because cognitive resources are more limited under short SOA and/or low contextual constraint, this result suggests that the semantic processing of parafoveal words is affected by current cognitive resources.

The parafoveal N400 effect in the sentence studies clearly showed that the semantic information of the parafoveal word can be extracted and integrated during sentence reading. However, as most studies did not control the congruency between the foveal and parafoveal words that were presented on the critical triad, it is unclear whether the semantic integration happened at the sentence level or just at the word-pair level. For example, in one illustration sentence in Barber's study \[[@pone.0139016.ref020]\], "Mary bought her new bike/head last week because it was on sale", the parafoveal target "bike/head" is congruent/incongruent with the foveal pre-target "new", both of which were presented in the critical triad. Thus, to detect such incongruence, participants did not necessarily integrate the parafoveal information with the global semantic context of the sentence; rather, all they needed to do was to process a word-pair composed of the foveal and parafoveal words. Thus, more rigorous study is needed to test whether parafoveal integration can be conducted at the sentence level.

Compared with the integration of information between word-pair, integration of the target word with global context (the semantic context of the sentence or discourse level before the pre-target word) may require more cognitive resources. Whether such integration could occur immediately is a critical and long-standing issue in studies of language comprehension. Based on the previous literature, most studies suggested that the semantic integration with global context can be conducted immediately. For instance, Zhou et al. \[[@pone.0139016.ref021]\] investigated semantic integration at different levels of syntactic hierarchy during sentence reading. The results showed that integrating the object noun with the classifier (the word prior to the object noun) or with the verb from previous context occurred in the same N400 time window. This suggests that integration with global semantic context can be conducted as rapidly as integration at the word-pair level during sentence reading. Furthermore, previous studies also demonstrated that semantic integration with background information can start immediately during discourse reading \[[@pone.0139016.ref022]--[@pone.0139016.ref024]\]. However, given the concern that the processing of a word starts when it is in parafoveal vision, to study the integration of parafoveal semantic information with global context is important for us to have a full understanding of the time course of the integration process.

The research on the integration of semantic information in parafovea can also help us to distinguish between two types of cognitive control model of eye movement in text reading: serial attention shift (SAS) models and guidance by attentional gradient (GAG) models. The SAS models such as the E-Z Reader model assumes that lexical semantic processing is guided by the shifting of attentional resources in a serial mode, and the semantic extraction of word n+1 occurs after the successful semantic access of word n \[[@pone.0139016.ref025]--[@pone.0139016.ref027]\]. However, the GAG models such as saccade-generation with inhibition by foveal targets (SWIFT) model suggests that the attentional resources reach the maximum around the fixation and then decrease gradually to both sides, and semantic processing is distributed over a number of words in parallel \[[@pone.0139016.ref028],[@pone.0139016.ref029]\]. Therefore, the critical difference between these two types of model is whether the semantic information of parafoveal and foveal words can be processed in parallel. Consequently, investigating whether the semantic integration of parafoveal words and foveal words could occur simultaneously will shed light on the eye movement control models.

In the present study, the RSVP-flanker paradigm was employed to examine semantic integration of parafoveal words during Chinese sentence reading. To ensure that the parafoveal N400 effect of congruity can only be triggered by integration of the critical noun in the parafovea at the sentence level, verbs in the sentence were manipulated to yield either a congruent or incongruent context for the critical noun, which was presented at a distance of 4 or 5 characters after the verbs. Thus, the characters (including the critical noun) in the critical triad were the same across the two conditions. Meanwhile, the critical noun in parafoveal vision and the middle character in the critical triad were always congruent. Furthermore, we were interested in whether this parafoveal integration could be conducted within only 100 ms of perception. Thus, we used a mask to substitute for the parafoveal target after it was presented for 100 ms, so that we could precisely control the duration of the parafoveal perception of the target word. Finally, the contextual constraint ratings of the middle character and right parafoveal character in the critical triad and the cloze predictability rating of the middle character in the critical triad were calculated to rule out the possibility that the parafoveal N400 effect was elicited by the difference in contextual constraints or the processing of middle characters in critical triads. If a more negative N400 time-locked to the onset of the critical triads could be elicited in the incongruent condition compared with the congruent condition, it would suggest that semantic information in parafovea could be integrated at the sentence level within a short perception time.

Materials and Method {#sec002}
====================

Ethics Statement {#sec003}
----------------

This study was approved by the Psychology Research Ethics Committee of South China Normal University. The participants provided written informed consent prior to the experiment.

Participants {#sec004}
------------

Twenty right-handed students (5 males; mean age = 22.7 years) from South China Normal University were paid 30 yuan to participate in the ERP experiment. All were native speakers of Mandarin Chinese, had no reading disabilities, and had normal or corrected-to-normal vision.

Materials {#sec005}
---------

A total of 84 sets of Chinese sentences were constructed for this study (see [Table 1](#pone.0139016.t001){ref-type="table"} for examples). These sentences had a similar syntactic structure (subject + verb + adjective/quantifier + object +...). In each set of sentences, we manipulated the verbs to yield either semantically congruent or incongruent context for the critical single-character noun (object). In particular, the interval between these critical nouns and verbs was controlled to be 4 or 5 characters. In addition, the critical noun was always followed by an additional 4 to 8 characters.

10.1371/journal.pone.0139016.t001

###### Example sentences with English translations.

![](pone.0139016.t001){#pone.0139016.t001g}

  Condition     Sample sentences
  ------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                (1)韩梅 (2)[①](#t001fn002){ref-type="table-fn"} [摘掉]{.ul}了 (3)那 (4)[②](#t001fn003){ref-type="table-fn"} [几 只 瓜]{.ul} [\*](#t001fn001){ref-type="table-fn"} (5)并 (6)装进 (7)袋子。
  Congruent     (1)Han Mei (2)[①](#t001fn002){ref-type="table-fn"} [picked]{.ul} (3)there (4)[②](#t001fn003){ref-type="table-fn"} [the melons]{.ul} [\*](#t001fn001){ref-type="table-fn"} (5)and (6)put into (7)a bag.
                *Han Mei picked the melons there and put them into a bag*.
                (1)韩梅 (2)[①](#t001fn002){ref-type="table-fn"} [捕获]{.ul}了 (3)那 (4)[②](#t001fn003){ref-type="table-fn"} [几 只 瓜]{.ul} [\*](#t001fn001){ref-type="table-fn"} (5)并 (6)装进 (7)袋子。
  Incongruent   (1)Han Mei (2)[①](#t001fn002){ref-type="table-fn"} [captured]{.ul} (3)there (4)[②](#t001fn003){ref-type="table-fn"} [the melons]{.ul} [\*](#t001fn001){ref-type="table-fn"} (5)and (6)put into (7)a bag.
                *Han Mei captured the melons there and put them into a bag*.

\*, The target noun

①, The verb that is congruent or incongruent with the target noun

②, The critical triad containing the critical noun as a right flanker.

The numbers in parentheses mean the order of the corresponding segments between experimental sentences and their English translations.

Strokes and word frequency of verbs were matched to avoid possible influences on ERP results after the critical triads. The average strokes of verbs was 17.87 (*SD* = 4.22) for the congruent and 17.65 (*SD* = 3.77) for the incongruent condition. The average frequency of verbs was 6.42 (*SD* = 8.73) per million for the congruent and 6.37 (*SD* = 12.21) per million for the incongruent condition. Paired samples t-tests showed no significant difference in strokes, *t*(83) \< 1, or word frequency, *t*(83) \< 1.

Two different sentence lists were counterbalanced across participants so that each participant read 42 sentences per condition and no sentence frame was presented twice. In each list, the 84 sentences were divided in four blocks and presented randomly. Each participant conducted 10 practice sentences and was assigned to one list.

Rating {#sec006}
------

Two semantic plausibility rating studies were conducted to determine the validity of our sentences. Twenty-four participants who did not take part in the ERP experiment were recruited to rate the semantic plausibility of the full sentences on a 5-point scale (ranging from 1 = extremely unacceptable to 5 = fully acceptable). The average ratings for the congruent and incongruent complete sentences were 4.16 (*SD* = 0.37) and 1.66 (*SD* = 0.40), respectively. Another 24 participants rated the first part of the sentences, up to and including the critical noun. The average scores were 4.18 (*SD* = 0.32) for the congruent and 1.65 (*SD* = 0.34) for the incongruent condition. The results revealed significant differences between the congruent and incongruent conditions, both for the complete sentences, *t*(83) = 40.09, *p*\< .001, and for the first part of sentences, *t*(83) = 48.46, *p*\< .001.

In addition, as mentioned in the introduction, three rating studies were conducted to determine (1) the contextual constraint of the critical noun location, (2) the contextual constraint of the location before the critical noun (i.e., the location of the middle character in critical triads), (3) the cloze predictability for the character before the critical noun (i.e., the middle character in critical triads). Forty-four participants were recruited to rate the contextual constraint of the critical noun location. They were given the first part of the experimental sentences up to (not including) the critical nouns and were asked to provide the next character in the sentence. We calculated the percentage of times that each noun appeared in each sentence, and took the highest one as the indicator of contextual constraint. The average contextual constraint for the congruent and incongruent sentences was 0.47 (*SD* = 0.21) and 0.51 (*SD* = 0.22), respectively; no significant difference was found across the two conditions, *t*(83) = 1.31, *p*\> .1. Thirty-six participants were asked to rate the contextual constraint of the location before the critical noun and the cloze predictability for the character in this location. The results revealed that average contextual constraint was 0.41 (*SD* = 1.17) for the congruent and 0.41 (*SD* = 1.18) for the incongruent condition, and no significant difference was found, *t*(83) \< 1. Similarly, the average cloze predictability was 0.27 (*SD* = 0.25) for the congruent and 0.27 (*SD* = 0.26) for the incongruent condition, with no significant difference, *t*(83)\< 1.

Procedure {#sec007}
---------

A 17-inch CRT monitor was used to display the stimuli, and the monitor was set to a refresh rate of 75 Hz. The IBM Think Centre (9215) computer and E-Prime software package (Psychology Software Tools, Pittsburgh, PA) were used for stimulus presentation and response collection. Prior to the experiment, participants were given the experimental instructions. As shown in [Fig 1](#pone.0139016.g001){ref-type="fig"}, in order to keep a central fixation location, a picture subtended about 0.5° of visual angle was presented in the center of the screen for 1000 ms before the presentation of each sentence. Participants were asked to distinguish them from each other and press the corresponding button for each picture. It is worth noting that with enough practice, participants pressed the button without looking at the keyboard. Sentences were presented character by character at the center of the screen in 13 to 18 triads. Each character (n) was flanked bilaterally by the next character of the sentence (n+1) to the right, and the previous character (n-1) to the left. Characters in the center of the screen were presented for 200ms, followed by a 300 ms blank interval; characters in the parafoveal region were presented for 100 ms and then were replaced by a mask which also was presented for 100ms.

![Sentence presentation procedure.\
Sentences were presented character by character in the center of the screen, flanked by the previous character to the left and the subsequent character to the right. The context verb was either congruent (*picked*) or incongruent (*captured*) with the critical noun (melons) in the sentence. Participants were asked to keep their gaze fixated on the central character and to judge the plausibility of the sentence.](pone.0139016.g001){#pone.0139016.g001}

All characters were presented in black against a gray background. The typeface of the characters was "Kai". Each character was subtended about 1.35° of visual angle at the viewing distance of 85 cm. Characters were presented with one empty character space between them. Thus, the left edge of the right parafoveal character was presented about 2° (1.5 character spaces×1.35°) away from the screen center. To keep the participants' fixations on the center character, two arrows up and below the location of the center character were added in each triad.

After each sentence, participants were asked to decide whether the sentence was plausible or not by pressing the "F" or "J" button on a keyboard. The buttons were counterbalanced among participants. There was a pause between every two sentences and the participants could press the "space" button to continue after they had enough rest. It should be noted that although participants were not explicitly asked to ignore flankers, they were told to maintain focus on the center character and avoid eye movements and blinks during the presentation of sentences. The whole experiment for each participant lasted around 40 min.

EEG Recording and Data Analysis {#sec008}
-------------------------------

Participants were tested individually in a sound-attenuating, electrically shielded booth after being fit with an electrode cap (Acticap, Brain Products). EEG were recorded with 40 tin electrodes (10--20 System) and four electro-oculogram (EOG) electrodes. Signals were referenced online to left mastoid and re-referenced offline to the average of the two mastoid electrodes. The AFz electrode on the cap served as ground. Impedance was kept below 5 kΩ for all electrodes. The EEG and EOG signals were sampled at 500 Hz and filtered digitally with a .05 to 30 Hz band pass offline. Epochs of interest were selected time-locked to the onset of the critical triads with a 200 ms pre-onset baseline window and a 1200 ms window after their onset. Ocular and movement artifacts (\> ±80μV) were excluded from further analyses.

Following Barber et al. \[[@pone.0139016.ref020]\], the baseline interval before the critical triad was also used to analyze the foveal N400 effect evoked by the post-critical triad (the triad following the critical triad), in which the critical noun was presented at fixation. This ensures that the earlier parafoveal N400 effects do not influence the baseline correction for the analysis of the following foveal N400 effect. As the classical N400 time window was at 300\~500 ms after the onset of the critical word and the time interval between the onset of the post-critical triad and the onset of the critical triad was 500 ms, the time window of the foveal N400 effect that was elicited by the post-critical triads should be at 800\~1000 ms after the onset of the critical triad. Therefore, the present study extracted the average amplitudes of the waveform at both 300\~500 ms and 800\~1000 ms after the critical triad for the ANOVA analysis. It is worth noting that the parafoveal N400 effect is unrelated to the post-critical triads because the time window of the parafoveal N400 effect was at 300\~500 ms, during which time the post-critical triad had not been presented (SOA = 500 ms).

For each time window, repeated-measures ANOVAs with Greenhouse-Geisser correction were carried out for eight electrode regions. The ANOVA was performed with two factors: condition (congruent and incongruent) and area of interest (AOI, of which there were eight). Each AOI comprised 4 or 3 electrodes (see [Fig 2](#pone.0139016.g002){ref-type="fig"}): left anterior (F7, F3, FT7, FC3), right anterior (F4, F8, FC4, FT8), left central (T7, C3, TP7, CP3), right central (C4, T8, CP4, TP8), left posterior (P7, P3, PO7, PO3), right posterior (P4, P8, PO4, PO8), anterior central (Fz, FCz, Cz) and posterior central (CPz, Pz, POz). Data were averaged within each AOI before statistical analysis.

![Forty recorded electrodes and 8 AOIs for ANOVA.\
ANT, anterior; CEN, central; POS, posterior; L, left hemisphere; R, right hemisphere.](pone.0139016.g002){#pone.0139016.g002}

Results {#sec009}
=======

Behavior Results {#sec010}
----------------

The mean accuracy rate of picture judgment was 97.68% (*SD* = 3.59%), suggesting that participants' performance was almost perfect in fixating the central location before the presentation of each sentence. All participants scored 80% or better in response to the semantic plausibility judgment task, averaging a 90.48% (SD = 6.95%) hit rate for the congruent condition and 94.88% (SD = 4.78%) correct rejection rate for the incongruent condition. The results indicated that participants understood most of the sentences correctly. The average reaction time (RT) was 635.46 ms (SD = 186.73) in the congruent condition and 543.26 ms (SD = 159.50) in the incongruent condition. Paired samples t-tests revealed that the correct rejection rate for incongruent sentences was significantly higher, *t*(19) = 2.12, *p*\< .05, and the RT of correct rejections to incongruent sentences was significantly faster, *t*(19) = 4.41, *p*\< .001, than the hit rate and RT for congruent sentences. The results may suggest that the detection of semantic incongruence is easier than confirmation of semantic congruence.

ERP Results {#sec011}
-----------

The grand-average ERP of nine representative electrodes time-locked to the critical triads are presented in [Fig 3](#pone.0139016.g003){ref-type="fig"}. There was two clear negative deflections at 300\~500 ms and 800\~1000ms. With comprehensive consideration of their polarity and latency, they can be confirmed as N400 component evoked by the critical triads and N400 component evoked by the post-critical triads respectively. The mean amplitude of each condition in each AOI was presented in [Table 2](#pone.0139016.t002){ref-type="table"}.

![Grand average of ERP.\
Average EEG waveforms from the onset of the critical triads up to 1200 ms thereafter for congruent condition (black line) and incongruent condition (red line) at 8 representative electrodes, one for each AOI. Negativity is plotted upwards.](pone.0139016.g003){#pone.0139016.g003}

10.1371/journal.pone.0139016.t002

###### Mean amplitude across conditions in each AOI in the analyzed time window.

![](pone.0139016.t002){#pone.0139016.t002g}

  AOI       300\~500ms    800\~1000ms                               
  --------- ------------- ------------- ------------- ------------- -------------
            ANT           -1.41(0.30)   -2.39(0.36)   2.25(0.51)    -0.33(0.45)
  L         CEN           -1.01(0.22)   -1.99(0.30)   1.89(0.48)    0.55(0.53)
            POS           -0.33(0.28)   -1.29(0.37)   1.19(0.50)    0.42(0.65)
            ANT           -0.87(0.25)   -2.18(0.43)   3.42(0.43)    0.28(0.44)
  R         CEN           -0.96(0.22)   -2.24(0.39)   2.95(0.49)    0.61(0.54)
            POS           -0.52(0.23)   -1.68(0.37)   2.44(0.53)    0.81(0.70)
  ANT CEN   -1.75(0.39)   -3.48(0.44)   2.89(0.58)    -0.05(0.63)   
  POS CEN   -1.15(0.34)   -2.56(0.47)   2.55(0.65)    1.31(0.87)    

ANT, anterior; CEN, central; POS, posterior; L, left hemisphere; R, right hemisphere. Standard error mean is shown in brackets.

### Parafoveal N400 effect (300\~500ms) {#sec012}

The ANOVA of amplitudes showed a significant main effect of condition, *F*(1, 19) = 22.25, *p*\< .001, *η* ^*2*^ = 0.54, with no other main effect or interaction. Separate ANOVAs at each AOI showed that the condition effect was significant at all eight AOI (see [Fig 4](#pone.0139016.g004){ref-type="fig"}), all *Fs*\> 9.89, *ps*\< .01, with the incongruent sentences eliciting more negative N400 compared with congruent ones.

![Scalp distributions in the analyzed time window.\
300\~500 ms was the N400 time window evoked by the critical triads and 800\~1000 ms was the N400 time window evoked by the post-critical triads.](pone.0139016.g004){#pone.0139016.g004}

### Foveal N400 (800\~1000ms) {#sec013}

The ANOVA of amplitudes showed a significant main effect of condition, *F*(1, 19) = 17.52, *p*\< .005, *η* ^*2*^ = 0.48, and a significant condition×AOI interaction, *F*(7, 133) = 12.69, *p*\< .001, *η* ^*2*^ = 0.40. Separate ANOVAs at each AOI showed that the semantic condition effect was significant at six AOI, namely left anterior, left central, right anterior, right central, right posterior, and anterior central, all *Fs*\> 6.73, *ps*\< .05. The left posterior and posterior central AOI showed a marginally significant effect, all *Fs*\> 3.12, *ps*\< .1. As in the 300\~500 ms time window, the N400 was more negative for incongruent sentences.

Discussion {#sec014}
==========

The present study explored the semantic integration of parafoveal words in Chinese sentence reading by using ERP technique with the RSVP-flanker paradigm. The results showed that the N400 component time-locked to the onset of critical triads was more negative in the semantically incongruent condition than in the semantically congruent condition. Because the parafoveal word in each screen was quickly replaced by a mask after it was presented for 100 ms, the results of our study indicate that the semantic information from parafovea can be extracted within only 100 ms of perception and integrated at the sentence level.

As is well known, contextual integration of word meaning can occur at different levels, namely word-pair, sentence and discourse, and these different levels of integration may relate to different mechanisms \[[@pone.0139016.ref030]\]. Studies on different levels of integration in parafovea could provide a more rigorous test of the immediacy of semantic integration. Previous studies that used sentences as materials showed that an incongruent target word could be detected when it was in the parafoveal region, but such integration processing may actually happen on the word-pair level rather than on the sentence level. Such a possibility was ruled out in the current study by strictly controlling the distance between the context verb and the critical noun. Specifically, the context verb that was congruent or incongruent with the critical noun was presented several triads before the critical triad. Thus, to detect whether the critical noun in the parafovea was congruent or incongruent in the sentence, participants had to integrate it with global semantic context maintained in their working memory. The parafoveal N400 effect we found in the current study, along with those observed in previous studies, thus provides strong evidence that parafoveal semantic information can be integrated at both the word-pair and sentence levels.

The time course of parafoveal semantic processing is important to distinguish the models of how attention shifts during text reading \[[@pone.0139016.ref031],[@pone.0139016.ref032]\]. As mentioned in the introduction, the E-Z reader model assumes that semantic processing of words is guided by the shifting of attentional resources in a serial mode. However, the SWIFT model suggests that semantic processing is distributed over a number of words via a spatially distributed of attention. The present study demonstrated that the parafoveal N400 effect occurred within 300\~500 ms and with the centro-parietal distribution, which is similar to the classical N400 effect of semantic integration in studies in which words were presented at fixation. Thus, the parafoveal N400 is essentially similar to the classical N400 effect, which implies that the parafoveal semantic integration could be conducted as early as foveal semantic integration, and therefore the foveal and parafoveal words may be processed in parallel. This supports the SWIFT model arguing for distributed word recognition with gradient allocation policies.

In the present study, we observed a foveal N400 congruency effect time-locked to the post-critical triads in which the critical nouns were in the fovea. The results is consistent with previous study \[[@pone.0139016.ref020]\], and suggesting the spill over effect of the parafoveal N400 effect. However, compared with the N400 congruency effect found in studies using the traditional RSVP paradigm, the foveal N400 effect we observed was mainly distributed in frontal regions (i.e., anterior N400 effect). Relatively speaking, the distribution of the parafoveal N400 effect was widespread and posterior, which was more consistent with the one found in studies using the RSVP paradigm. This difference is very interesting. One possible explanation is that unlike the semantic integration of directly fixated words, the semantic integration of parafoveal words may contain two different stages in a long-lasting process. The first stage mainly occurs at a lexical semantic level, whereas the second stage biases toward situation establishment, which involves more world knowledge. Previous studies indicated that the scalp distribution of N400 effects that reflected situation establishment was more anterior than the distribution that reflected semantic processing \[[@pone.0139016.ref033]\]. Similarly, the foveal N400 effect of the present study was more anterior, which may indicate participants put more weight on the process of situation establishment. In contrast, the parafoveal N400 effect was more widespread, which may reflect the early integration process at a semantic level. Another possible explanation is that the anterior N400 is partly linked to familiarity-driven cognition of critical nouns in post-critical triads. Previous studies demonstrated that the anterior 400 effect reflected the familiarity of words: new words would elicit more negative anterior 400 compared with old ones \[[@pone.0139016.ref034],[@pone.0139016.ref035]\]. Thus, the anterior N400 of post-critical triads may be linked to the critical nouns in the congruent condition being more familiar, because the congruent context facilitated the identification of these characters. More studies should be conducted to investigate the above-mentioned possibilities in the future.

Previous studies indicated that a semantic parafoveal-on-foveal effect was more consistently found in studies using the RSVP-flanker paradigm than studies using the boundary paradigm \[[@pone.0139016.ref019],[@pone.0139016.ref020],[@pone.0139016.ref036]--[@pone.0139016.ref038]\]. One possible explanation of the inconsistency is that in the boundary paradigm, parafoveal perception could be interrupted when readers' eyes moved to the target location. However, in the RSVP-flanker paradigm, words are always presented for a fixed time duration, and followed by a long interval before the subsequent word appears. Therefore, readers are able to continue their perception of the parafoveal word through the afterimage of that word. In the present study, the perception of parafoveal words was interrupted, because the parafoveal words were immediately replaced by a mask after presentation; however, a parafoveal N400 effect was still observed. This indicates that the perception interruption of parafoveal words is not a main factor in the inconsistent results between the boundary paradigm and the RSVP-flanker paradigm. Rather, this inconsistency may be due to participants having more cognitive resources for parafoveal processing in the RSVP-flanker paradigm \[[@pone.0139016.ref020]\].

It should be noted that the parafoveal N400 effect we observed was unlikely to be elicited by lower lexical processing of the parafoveal characters in critical triads. This is because the characters in critical triads were the same across the two conditions. Moreover, the parafoveal N400 cannot be accounted for by the contextual constrain or the processing of middle characters in critical triads, because the results of these ratings showed no significant difference across the two conditions. With all these controls, we have more confidence to say that the parafoveal N400 effect observed was elicited by the semantic integration of the parafoveal word at the sentence level.

In RSVP-flanker paradigm, it is important to ensure that participants were able to fixate on central characters during sentence presentation. Thus, we carried out an eye movement experiment with the identical design and materials to confirm the flanker character was indeed presented at parafoveal vision. An SR Research Eyelink 1000 system was used to track participants' eye movements with a sample rate of 1000 Hz. Only movements of the right eye were recorded, although viewing was binocular. Ten university students participated in the eye movement experiment. Because we were only concerned about locations of participants' fixation while the sentence was presented, three regions of interest (ROI) were set with each character. The side of each ROI was set as 1.5 times the character length. We extracted the locations of participants' fixations during sentence presentation and calculated the percentage of the fixations in each ROI. The results showed that the percentages of fixations located on the ROI of the left, middle and right character were 0.09%, 93.69% and 0.6% respectively. This suggests that participants were able to fixate on the central character in the present paradigm.

In conclusion, the present study provides direct evidence that the semantic information from parafovea can be integrated at the sentence level during Chinese reading. Moreover, the results indicate that the semantic integration of the parafoveal word can be conducted within only 100 ms of perception. The important theoretical implication of this study is that global context factors need to be considered in future studies' constructions of eye movement control models on parafoveal processing.

Note: M37, the congruent condition; M47, the incongruent condition.
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Note: M37, the congruent condition; M47, the incongruent condition.
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